The sorption of sulfur by the zeolites NaX (= 13X) and CaA (=SA) and an activated charcoal prepared from sugar was investigated at temperatures between 150 and 350°C and relative sulfur pressures between 10 -4 and 10 -1. The adsorbate~adsorbate interaction indicated by the S-shaped isotherm for the zeolite NaX points to physical or chemical interaction of sulfur molecules in neighboring supercages. In CaA adsorbate-adsorbate interaction between sulfur species in different supercages is negligible. Below 200°C the rate of sulfur uptake by the zeolite CaA is determined by the diffusion rate of a sulfur species through the zeolitic framework. In activated charcoal a strong adsorbateadsorbent interaction is present and part of the sulfur is chemisorbed at 350°C. The differences in the density of the adsorbed sulfur determined with three different methods indicate that even at full saturation of the micropore volume with sulfur, there is still some residual adsorption volume.
INTRODUCTION
Porous materials containing sorbed sulfur can be used as catalysts or adsorbents for special applications. Incorporation of sulfur (4 wt%) in a NaX (= 13X) aluminosilicate zeolite raises the catalytic activity for n-hexane cracking by a factor five to ten (1). Dudzik and Preston (2) report a correlation between the amount of sulfur radicals in zeolite KA (= 3A) and the catalytic activity for the cracking of 2,3-dimethylbutane. We found that the selective oxidation of H2S by oxygen to sulfur is catalyzed by sulfur adsorbed in zeolites or active carbon, so that an autocatalytic reaction occurs (3) .
Sulfur impregnated active carbons may be used as an adsorbent for the removal of mercury traces from gas streams (4) . The slow desorption rate of sulfur trapped in microporous materials makes these materials convenient as fumigant (5) . One may suggest that preadsorption of sulfur in a material may create an adsorbent with a lower affinity towards polar adsorbates.
In the last decade the sorption of sulfur by zeolites has been the subject of several studies (2, 5, 6) . The sorption of sulfur by the zeolites CaA (=SA) and NaX (=13X) has been studied by Barter and Whiteman (5) . They found that the sorption of sulfur by these zeolites was fully reversible despite the high affinity between the aluminosilicate and the sulfur. Serf (6) determined the nature of a sulfur sorption complex in zeolite NaA (=4A) by single crystal X-ray technique. Two $8 rings in the crown configuration lie parallel to each other in the large cavity of each unit cell. Regarding the sorption of sulfur vapor by various carbons, a review of the studies up to 1950 is given by Gmelin (7). Wibaut and van der Kam (8) reported that a part of the sulfur is chemisorbed at the carbon surface, especially at temperatures above 400°C. This sulfur desorbs as CS2 and H2S when the active carbon is heated in nitrogen up to 1000°C. Recently Puri and Hazra (9) studied the chemical fixation of sulfur by active carbon and they corroborate the results of Wibaut and van der Kam (8) .
The aim of this paper is a comparison of the sulfur adsorption in some zeolites and active carbons. The density of the sorbed sulfur is determined by different techniques. The structure of the adsorbed sulfur will be discussed. In the next paper (10) a study of the mercury chemisorption by sulfur containing porous materials is described.
MATERIALS AND METHODS

Materials
The active carbon was prepared by steam activation of pyrolysed sugar. The molecular sieve zeolites NaX and CaA were commercial products obtained from the Linde Division of Union Carbide. Before use pellets of the zeolite were pressed from the available powder (0.5-5 #m). These pellets were grinded and the sieve fraction 0.3-0.6 rnm was used in the experiments.
Sulfur Adsorption
The sulfur adsorption of porous materials was measured in the apparatus depicted in Fig. 1 . A nitrogen stream was saturated with sulfur at temperatures ranging from 140-160°C. By admixing nitrogen to this stream, the relative pressure of sulfur at the adsorbent outer surface could be varied between 10 -4 and 10-1 . The relative pressure of sulfur was calculated at the adsorbent temperature using thermodynamic data for the equilibria in sulfur vapor given by Lepsoe (11) . Although Lepsoe considers only $2, $6, and $8, minor difference occur when also $3, $4, $5, and ST are included in the calculations (12) . At 325°C and a relative sulfur pressure of 10 ~ $2 turns out to be the predominant species in the sulfur vapor. At the same temperature but a relative pressure of 10 -2 S~ is the main sulfur species in the vapor.
A continuous flow of the nitrogen-sulfur mixture was led through a bed of about 1 g adsorbent. The uptake of sulfur by the material was followed gravimetrically. The rate of sulfur sorption by the materials is fast and a breakthrough of sulfur occurs when the adsorption equilibrium is almost established (> 90%). The sulfur which did not adsorb was collected in a condensor. The amount of evaporated sulfur was calculated in each experiment and was always within 15% of the sum of the sulfur weights in the adsorber and in the condensor.
Determination of the Apparent Density of Adsorbed Sulfur
Three methods were used for the determination of the sulfur density: Method 1. From the maximum uptake of sulfur in the known micropore volume of a material an apparent density could be calculated. The micropore volume of NaX and CaA is identical with the volume of the supercages and connecting channels. This volume may be derived from the structure of the zeolites determined with X-ray techniques. According to Breck (13) the limiting adsorption volume is 0.296 cm~.g -1 for NaX and 0.27 cm3.g -~ for CaA. For the micropore volume of activated sugar charcoal we will use the constant W0 in the first Dubinin equation (14) . From the benzene adsorption isotherm we derived a value of 0.448 cm 3. g-1 for this charcoal.
Method 2.
From the apparent volume of a sulfur containing material in methanol, which increases upon sulfur deposition, it is possible to calculate the density of adsorbed sulfur at 20°C.
Method 3.
From the argon isotherms of materials with variable sulfur load the apparent density of sulfur at -196°C was determined. As an example argon isotherms are shown for some sulfurized sugar charcoals in Fig. 2 . From the amount of adsorbed argon at a relative argon pressure of 0.25 we calculated a micropore volume accessible to argon at --196°C. From the amount of sorbed argon in NaX at Prel = 0.25 and the known micropore volume we calculated a density of 1.22 g. cm -3 for the adsorbed argon. According to literature (15) the density of adsorbed argon at -196°C is closer to the value for supercooled bulk liquid (1.47 g cm -3) than the value for solid argon (1.62 g cm-a). The value of 1.22 g crn -3 for adsorbed argon in NaX is probably due to a limited attachment to the pore-walls.
The adsorption of argon in CaA proceeds so slowly that we could not determine the isotherm. The density of adsorbed argon in activated charcoal was 1.46 g cm -3, which is very close to the density of supercooled argon at -196°C, i.e., 1.47 g cm -3.
RESULTS AND DISCUSSION
Adsorption Isotherms of Sulfur on NaX, CaA, and Activated Sugar Charcoal
The first parts of the isotherms are given in the Figs. 3-5. For all our materials already more than 900-/0 of the maximum sulfur uptake is reached at a relative pressure of 10 -2. (Table  I ). This is characteristic for adsorption in rnicropores.
The isotherm of NaX (Fig. 3) is slightly S-shaped, which points to an adsorbateadsorbate interaction. The isotherm of CaA (Fig. 4) does, however, not show this typical shape. Barter and Whiteman (5), who also investigated the sorption of sulfur in NaY, did not observe this phenomenon. This because they performed no experiment at low relative pressures (10-4-5 • 10-3). For the sorp- FIo. 3. Adsorption isotherms of sulfur on NaX Zeolite at 300 and 325°C. tion of phosphorus in NaX they found isotherms in the relative pressure range 10-t-10 -2 similar to ours.
The interaction between sorbed sulfur molecules may be physical or chemical. In the latter case an association to larger chains and rings takes place. Adsorbate-adsorbate interaction between sorbed sulfur species within one supercage is equal for CaA and NaX, because the volumes of the supercages are almost equal, i.e., CaA: 775 /~3 and NaX: 822 /~3 (13). Therefore the differences in adsorption isotherms on CaA and NaX lead to the conclusion that the adsorbed sulfur forms an interconnecting net in the supercages and channels of the zeolite NaX. Because of the small apertures in CaA (4.3 A) there is no physical or chemical interaction between sulfur species in neighboring supercages.
In active carbon the rather strong interaction between adsorbed sulfur and the carbon surface, explains that an adsorbate-adsorbate interaction does not determine the shape of the isotherm (Fig. 5) .
Adsorbate-adsorbate interaction leads to S-shaped isotherms in the case of water on activated charcoal (16) and xenon in NaX and LiX zeolites (17) . In the case of water on charcoal the inflection point lies at a relative pressure of 0.4 and this isotherm is therefore an example of type V isotherms in Brunauer's classification (18) . For xenon in NaX and LiX the inflection point lies in the relative pressure range 10-t-10 -2, which is also observed for sulfur and phosphorus in NaX. These isotherms have features of type I and type V isotherms, because it concerns adsorb- a 1 = maximum sulfur uptake; density of sulfur at adsorption temperature; 2 = methanol; density of sulfur at 20°C; 3 = argon; density of sulfur at -196°C.
ate-adsorbate interactions during the filling of rnicropores.
Below 200°C the sorption of sulfur by CaA is a slow process. The diffusion rate of a sulfur species through the zeolite framework determines the sorption rate of sulfur. In zeolite KA (=3A) the sorption of sulfur starts at 350°C according to literature (2) . The diameter of the apertures in KA is 3.3 fit, compared to a cross-sectional diameter of 3.7 /~ for $2, which is probably the diffusing species. Barter and Whiteman (5) present evidence that the sulfur diffuses as chain molecules instead of $2 molecules through the channels and cages of CaA. The main species in the sulfur vapor at 200°C $8 (diameter 8.5 fit) is certainly not the diffusing species in CaA (window diameter ca. 4.3 fit). From our observations it is not possible to discriminate between chains and $2 molecules.
Suffur is sorbed copiously by activated sugar charcoal. Only a small part, about 0.05 g sulfur per g carbon, is chemisorbed at 350°C. In the Introduction we mentioned that other authors (8, 9) also found this chemisorption of sulfur by active carbon.
Some experiments were performed on sulfur adsorption in porous alumina, porous silica, and carbon black. In all cases at relative sulfur pressures below 0.1 sulfur adsorption is negligible (<0.01 g (g material)-1). This will be caused by the absence of pores of molecular diameter in these cases.
The Apparent Density of the Adsorbed Sulfur in NaX, CaA, and Activated Sugar charcoal
We used three different methods for the determination of the density of the adsorbed sulfur as discussed in the Section entitled Materials and Methods.
The results obtained with method 1 are summarized in Table I . The ratio of the densities of adsorbed (Pad) and bulk liquid sulfur (os) at the adsorption temperature is given for the microporous materials at full saturation with sulfur. In all cases this ratio is below unity, which may be expected for the accommodation of $8 rings or/and Sx-chains in cages and pores of molecular diameter. Remarkable is that Barrer and Whiteman (5) report ratios for NaX and CaA which are about 40% higher than our values. We have no reasonable STEIJNS AND MARS explanation for this difference. In case of active carbon the density of adsorbed sulfur differs not so much from that of liquid sulfur. This must be due to the strong adsorbateadsorbent interaction and/or by the larger mean pore radius. The apparent density of sulfur in NaX is about 20% higher than in CaA which reflects the stronger interaction between adsorbed sulfur species in NaX as discussed in the preceding paragraph.
In Table II a survey is given of the sulfur densities as a function of the sulfur content of the materials. The densities were determined with three different methods. The ratio between the apparent density of adsorbed sulfur and the density of elemental sulfur at a corresponding temperature is given. For method 1 this temperature is the adsorption temperature, for method 2 (methanol) this is 20°C and for method 3 (argon) it is --196°C.
The densities measured with methanol are always higher than those calculated from the saturation value or the argon isotherm. The low apparent density of adsorbed sulfur points to a residual micropore volume which is not accessible to argon at -196°C or sulfur species at 200-300°C but methanol at room temperature may partly fill this space. Walker and Sinha (19) observed a similar effect upon sulfur adsorption in Saran active carbon. The adsorption of carbon dioxide at 25°C is observed by these authors, but nitrogen does not adsorb at -196°C. Our conclusion is that deposition of sulfur leads to a pore-narrowing and/or formation of bottle-necks which prevent passage of large molecules especially at low temperatures. Purl and Hazra (9) who also observed this effect for active carbons, launched the idea that in this way it is possible to prepare carbon molecular sieves.
In the next paper we will introduce the chemisorption of mercury as a method to study the structure of the adsorbate and/or adsorbent.
